Abstract: Some studies suggested that adequate vitamin D might reduce inflammation in adults. However, little is known about this association in early life. We aimed to determine the relationship between cord blood 25-hydroxyvitamin D (25(OH)D) and C-reactive protein (CRP) in neonates. 
Introduction
Considerable evidence has linked early-life vitamin D deficiency with increased risk for fetal growth restriction, infection, and poor neurodevelopment in later life [1] [2] [3] . Similarly, research has shown that fetal exposure to elevated inflammation is associated with adverse health outcomes including fetal growth restriction, infection, and abnormal brain development [4] [5] [6] . Therefore, early-life vitamin D deficiency may impact offspring development through an inflammatory pathway.
Several studies in vitro have suggested that vitamin D supplementation inhibits proinflammatory cytokine production in various cell lines including monocytes and macrophages [7, 8] . C-reactive protein (CRP) is a nonspecific marker for persisting inflammatory states. Neonatal CRP >10 mg/L was suggested to be strongly correlated to several adverse clinical consequence such as sepsis [9, 10] and chorioamnionitis [11, 12] . Elevated CRP is also associated with cognitive impairment [13] , cardiovascular disease [14] , and diabetes mellitus [15] in adults. A cross-sectional study with a large sample suggested an inverse relationship between vitamin D and CRP in asymptomatic adults with low vitamin D levels [16] . However, randomized controlled trials assessing the effectiveness of vitamin D supplementation in reducing CRP showed inconsistent results [17] [18] [19] .
To date, little is known about the association between vitamin D and CRP in newborn. It has been confirmed that 25(OH)D readily crosses the placenta [20] . However, CRP does not cross the placenta [21] . Consequently, the fetal CRP response to mediators including 25(OH)D is independent of the maternal response [22] . Given the high prevalence of vitamin D deficiency among pregnant women worldwide [23, 24] , it is important to confirm the association between vitamin D and informatory response in fetus/neonates.
In this prospective observational study with a large sample, we assessed the association between 25(OH)D and CRP in cord blood at birth. Stratifications by 25(OH)D levels and seasons were performed to further examine the associations.
Methods

Patients and Study Design
2552 pregnant women, of gestational ages from 30 to 34 weeks, were recruited in Hefei (32˝N latitude) from January to September 2008. Participants completed a structured questionnaire, including sociodemographic characteristics, perinatal lifestyle, and pregnancy history. Nurses collected the information needed from the participants using questionnaires through face-to-face interviews. Pregnancy complications, delivery outcomes were obtained through the medical records. Cord blood sample at birth was collected randomly when available. The exclusion criterion was stillbirth, birth defect, delivery before 32 weeks of gestation, pregnancy with assisted reproductive technology, multiple gestations, pregnant women with acute infections, surgery, and trauma during the previous three months, or newborns whose 5 min Apgar score below 7. Finally, we obtained available data from 1491 mother-infant pairs with cord blood sample. Ethics committee approval for the study was obtained from the ethics committees of Anhui Medical University, and informed consent was obtained from each participant.
Cord Blood 25-Hydoxyvitamin D and C-Reactive Protein
After delivery, cord blood sample was immediately collected and anticoagulated by use of sodium heparin. Plasma sample was centrifuged and promptly refrigerated at´4˝C, within 12 h, and then it was transferred to´80˝C freezers for long-term storage. Plasma concentrations of 25(OH)D and CRP were measured using the commercial radioimmunoassay (RIA) kits (DiaSorin, Stillwater, MN, USA) and the enzyme-linked immunosorbent assay (ELISA) kits (Cusabio Biotech, Wuhan, China) according to manufacturer's instructions respectively. Both intra-assay coefficients of variation were less 10%. Plasma concentrations of 25(OH)D were analyzed as continuous variable, decile, and categorical variables with cutoffs of 25 nmol/L and 50 nmol/L as recommended by the Canadian Paediatric Society [25] . Vitamin D deficiency was defined as 25(OH)D concentrations less than 25 nmol/L. Plasma concentrations of CRP were analyzed both as continuous variable and categorical variable with cutoffs of 6 mg/L and 10 mg/L [10] .
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Potential Confounders
Information on potential confounders, including maternal sociodemographic characteristics, perinatal health status, lifestyle, birth outcomes and seasons, was prospectively collected from medical records or interviews. Maternal sociodemographic characteristics included age, education attainment (ď9 or >9 years of completed schooling) and income (<2000 or ě2000 RMB Yuan/month). Perinatal health status included parity (nulliparae or multiparae), prepregnancy body mass index (BMI), gestational weight gain (GWG), and pregnancy complications. Pregnancy complications included moderate or severe anemia, hypertension, diabetes mellitus, glandula thyroidea disease, abnormal heart function, and intrahepatic cholestasis of pregnancy.
Perinatal lifestyle included maternal alcohol consumption (none or any), paternal smoking (less or more than 6 cigarettes/day), and alcohol consumption (none or any) during up to six months before pregnancy, and maternal vitamin D supplementation (less or more than two months) during pregnancy. Birth outcomes included gestational age at birth, birth weight, infant gender, mode of delivery, and birth season. The gestational age at birth based on the difference between the date of the last menstrual period and the date of delivery and was categorized as <37 (preterm birth) or ě37 gestational weeks. Low birth weight was defined as neonatal weight less than 2500 g. Small for gestational age (SGA) was defined as birth weight <10th percentiles of distribution for gestational age and infant sex [26] . Season was designated as winter (December, January, February), spring (March, April, May), summer (June, July, August), or autumn (September, October, November).
Statistical Analysis
General linear regression models and Mantel-Haenszel chi-square test were used to compare means and proportions for the characteristics of mother-infant pairs according to cord blood 25(OH)D and CRP levels, respectively. The means of cord blood CRP and the proportions for CRP ě10 mg/L across deciles of 25(OH)D levels were presented. The differences in the means of CRP levels and the risk of CRP ě10 mg/L across deciles of 25(OH)D level were examined using multiple linear regression models and logistic regression models, respectively. The crude regression coefficients (β) and odd ratios (OR), and adjusted β and OR were generated, with 95% confidence interval (CI). Potential confounders adjusted in multiple regression models included maternal sociodemographic characteristics, perinatal health status, lifestyle, and birth outcomes.
We further assessed the adjusted associations between 25(OH)D and CRP levels among different 25(OH)D levels (<25.0 nmol/L, 25.0-49.9 nmol/L and ě50 nmol/L), using multiple linear models with adjustment for potential confounders. A non-linear trend in cord blood CRP levels across 25(OH)D levels was observed. Then, the non-linear relations of cord blood 25(OH)D levels and CRP were fitted in nonlinear regression models using a sine function.
Seasonality of cord blood 25(OH)D and CRP was tested by fitting the data to linear model and nonlinear model using sine function, respectively. The goodness-of-fit of nonlinear models were checked for adequacy. Stratified by season (winter-spring or summer-autumn), the adjusted linear relations between cord blood 25(OH)D and CRP were examined using multiple linear models after adjusting for potential confounders. The adjusted difference on CRP levels and adjusted OR of CRP ě10 mg/L for neonates with 25(OH)D <25 nmol/L were generated, compared to neonates with 25(OH)D ě25 nmol/L. All statistical analyses were performed using SPSS statistical software (version 21.0, IBM Corp: Armonk, NY, USA).
Results
The characteristics of 1491 mother-infant pairs in this study were presented in Table 1 Figure 2C) . A non-linear trend in CRP levels across 25(OH)D concentrations was observed. We further fitted the non-linear regression model using a sine function to best display the association. The solid black line shows the best fit analysis for the association of 25(OH)D with the CRP (adjusted R-square = 0.14, p < 0.001) ( Figure 2D) . The model fitted the data well as the residuals were randomly distributed. Neonates born in winter-spring had significant lower means of 25(OH)D (27.59˘13.30 nmol/L vs. 49.89˘19.78 nmol/L, p < 0.001) and higher means of CRP (7.40˘3.21 mg/L vs. 6.19˘2.81 mg/L, p < 0.001), compared to neonates born in summer-autumn. To explore the seasonality of 25(OH)D and CRP levels, linear model (adjusted R-square = 0.96, p < 0.001) and nonlinear model using sine function (adjusted R-square = 0.97, p < 0.001) were performed to fit the 25(OH)D and CRP concentrations across birth month, respectively. Fitted maximum concentrations of CRP and minimum concentrations of 25(OH)D were simultaneously observed in neonates born in January. They also had maximum proportions of 25(OH)D <25 nmol/L and CRP ě10 mg/L. Fitted maximum concentrations of 25(OH)D were observed in neonates born in September, however, fitted minimum concentrations of CRP and proportions of CRP ě10 mg/L were observed in neonates born in June, rather than September (Figure 3) . Additionally, Figure 3A suggested that there was a positive relation between 25(OH)D and CRP across birth month in neonates with 25(OH)D ě42 nmol/L and born between July to September. However, multiple linear model showed no significant association after adjusting for potential confounders. 
Discussion
In this observational study based on prospective birth cohort, we observed an inverse relation between cord blood vitamin D and CRP in neonates with 25(OH)D <50 nmol/L, especially <25 nmol/L. The inverse relation was found in neonates born in winter-spring, but not summer-autumn. The findings in our study suggested that fetal vitamin D deficiency was significantly associated with the exposure to higher inflammation at birth. 
In this observational study based on prospective birth cohort, we observed an inverse relation between cord blood vitamin D and CRP in neonates with 25(OH)D <50 nmol/L, especially <25 nmol/L. The inverse relation was found in neonates born in winter-spring, but not summer-autumn. The findings in our study suggested that fetal vitamin D deficiency was significantly associated with the exposure to higher inflammation at birth.
Vitamin D status has been suggested to be inversely associated with CRP in asymptomatic [16] , elderly [27] , obese [28] adults and children with lupus [29] in previous cross-sectional studies. The finding in this study is consistent with previous studies. However, prior randomized controlled trials assessing the effectiveness of vitamin D supplementation in reducing CRP found inconsistent results [17] [18] [19] . Recently, a meta-analysis of 10 trials involving a total of 924 participants showed that vitamin D supplementation significantly decreased the circulating CRP levels in adults [30] . Another trial showed that vitamin D supplementation during pregnancy resulted in a significant decrease in maternal serum CRP [31] . If the inverse relation between vitamin D and CRP in neonates with low vitamin D levels in this study is causality, the findings raised a possibility of protection against excessive inflammatory response in the fetus through vitamin D supplementation among pregnant women with vitamin D deficiency. Further interventional trials are needed to confirm the potential protective effect of adequate vitamin D on fetal inflammatory response.
Seasonality of cord blood vitamin D, CRP, and the association between one another observed in this study was interesting. In humans, circulating vitamin D is mainly derived from synthesis in the skin under the influence of sunlight, depending on season and latitude [32] . Consequently, cord blood vitamin D is subject to the seasonality of maternal vitamin D [33, 34] . Few previous studies have revealed the seasonality of CRP levels with higher values during winter and spring than in summer [35, 36] , which is similar to our finding. However, the mechanisms underlying CRP seasonal variations remain unknown, though the high CRP levels might be induced by respiratory infections in winter-spring [37] . In this study, our findings suggested a hypothesis that seasonality of CRP levels might be mainly depending on the seasonal variations of vitamin D, as the association of vitamin D with inflammation [7, 38] .
Additionally, we found that 25(OH)D at a level ě50 nmol/L was not associated with a decrease in CRP, and neonates born in September had maximum levels of vitamin D, but had not minimum levels of CRP accordingly. It appears that high fetal vitamin D levels might have no additional effects on the protection of inflammation, even pro-inflammatory effect, which was supported by previous studies. The U-shaped association between 25(OH)D and CRP indicates that ever-increasing 25(OH)D concentrations may also be related to proinflammatory states [16, 39] . The difference on the association of vitamin D with CRP between low and high 25(OH)D levels probably explained the finding that the inverse relation between vitamin D and CRP was observed in neonates born in winter-spring, but not summer-autumn.
To the best of our knowledge, this is the first study examining the relation between vitamin D and inflammation in neonates. The strengths of the study included prospective data collection, the large sample size, adjustment for essential confounders, and stratifications by 25(OH)D and birth season. However, the cross-sectional analysis in our study could not examine temporal relation and causality. One important limitation was the absence of data during October, November, and December, because the data collection was performed between January and September. However, the missing data was supposed to be divided into the winter-spring and summer-autumn. Consequently, we speculated that the absence of data might not substantially change the results of seasonality. Although pregnant women with acute inflammation have been excluded prior to sampling, residual confounding resulting from other covariates including maternal illness, chorioamnionitis, and fetal distress at birth could not be ruled out.
Conclusions
The evidence in our study indicated that cord blood CRP was inversely associated with vitamin D in neonates with low 25(OH)D levels or born in winter-spring. Neonates with vitamin D deficiency had higher risk of exposure to elevated inflammation at birth, which has been suggested to be associated with adverse health outcomes. However, fetal vitamin D levels in upper range might have no additional effects on the protection against inflammation. Clinically, for fetal vitamin D levels are largely dependent on maternal vitamin D status [40] , the findings suggested that vitamin D supplements during pregnancy should be encouraged, especially for pregnant women with vitamin D deficiency or experiencing the winter-spring. Further interventional trials are needed to confirm the potential protective effect of adequate vitamin D on inflammatory response in a fetus/neonate.
